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ABSTRACT: Transition metal phosphides exhibit high catalytic 
activity towards the electrochemical hydrogen-evolution reaction 
(HER) and resist chemical corrosion in acidic solutions. For ex-
ample, an electrodeposited CoP catalyst exhibited an overpoten-
tial, , of - < 100 mV at a current density of -10 mA cm-2 in 
0.500 M H2SO4(aq). To obtain a chemical description of the mate-
rial as-prepared and also while effecting the HER in acidic media, 
such electrocatalyst films were investigated using Raman spec-
troscopy and X-ray absorption spectroscopy both ex-situ as well 
as under in-situ and operando conditions in 0.500 M H2SO4(aq). 
Ex-situ analysis using the tandem spectroscopies indicated the 
presence of multiple ordered and disordered phases that contained 
both near-zero valent and oxidized Co species, in addition to re-
duced and oxygenated P species. Operando analysis indicated that 
the active electrocatalyst was primarily amorphous and predomi-
nantly consisted of near-zero-valent Co as well as reduced P. 
The electrolytic decomposition of water to produce H2 can pro-
vide a sustainable, carbon-neutral source of chemical fuel, provid-
ed that the input energy is obtained from a renewable source.1,2 
Electrolytic H2 production can compensate for the intermittency 
of solar and wind resources by storing energy in hydrogen mole-
cules, which could be used upon demand.3  
At many non-noble-metal cathode surfaces, the electrochemical 
half-reaction for the electrolytic production of H2 from water, the 
hydrogen-evolution reaction (HER), does not proceed effectively 
in acidic media. Hence energy inputs that substantially exceed the 
thermodynamic value (overpotentials, ) must typically be uti-
lized to generate H2 at rapid rates (i.e. current densities).4-6 The 
discovery of active HER electrocatalysts comprised of inexpen-
sive and earth-abundant materials is thus being vigorously pur-
sued.7-9 Ni metal and Ni alloys are effective HER catalysts in 
alkaline media, but are susceptible to chemical corrosion in acidic 
electrolytes.10-12 Electrocatalysts that are stable under operation in 
acidic media could be integrated into devices that utilize proton-
exchange membrane (PEM) technologies, which have advantages 
relative to device designs that operate in alkaline media, including 
lower ohmic loss, lower gas crossover, and production of H2(g) 
under high pressure.13 
Nanoparticulate Ni2P is an effective, acid-stable HER 
catalyst.14 This observation has prompted substantial, sustained 
efforts to synthesize and develop other transition metal phosphide 
materials and to engineer such materials for maximum catalytic 
HER activity.15-19 Electrodeposited CoP films effect the HER at a 
current density of -10 mA cm-2 with - < 100 mV in acidic solu-
tion (pH < 1).20  Characterization of this material, as well as relat-
ed metal phosphides, has relied principally upon ex-situ tech-
niques that typically involve analysis in vacuum or laboratory 
ambients. Herein, electrodeposited CoP films have been investi-
gated under in-situ and operando conditions using Raman spec-
troscopy and Co and P K-edge X-ray absorption spectroscopy 
(XAS), including analysis of the resulting X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) data.  
 
Figure 1. Cathodic polarization behavior of a CoP film in 0.500 
M H2SO4(aq). 
Electrocatalyst films were deposited potentiostatically onto 
planar Cu substrates, using an aqueous solution that contained 
CoCl2 and NaPO2H2. Voltammetric, in-situ, and operando spec-
troscopic analyses were then performed in 0.500 M H2SO4(aq) 
(experimental methods are described in detail in the online Sup-
porting Information). The steady-state voltammetric response 
(Figure 1) indicated that production of cathodic current densities 
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 of 0.5 and 10 mA cm-2 required overpotentials of -34 and -92 mV 
(applied biases of -0.300 V and -0.358 V vs. a saturated calomel 
electrode [SCE]), respectively (Figure 1). Figure 2a presents an 
ex-situ Raman spectrum of an as-deposited electrocatalyst film. 
The broad band centered at 595 cm-1 is indicative of amorphous 
cobalt oxide.21  This band also exhibited shoulders at 477, 521, 
and 677 cm-1, which correspond to Co3O4 phonon modes.22 The 
Raman modes observed in the 970-1200 cm-1 spectral region are 
consistent with P-O stretching vibrations in a disordered 
system.23,24 Prior X-ray photoelectron spectroscopic (XPS) analy-
sis indicated the presence of Co metal, Co3O4, Co3(PO4)2, as well 
as CoP in the as-deposited electrocatalyst film.20 Moreover, the 
XPS analysis as well as prior energy-dispersive X-ray spectro-
scopic (EDS) analysis, indicated a Co:P elemental ratio in large 
excess of the 1:1 ratio expected for stoichiometric CoP, in accord 
with expectations that a substantial amount of Co species is not in 
the reduced phosphide state.20 The Raman data presented herein 
are thus consistent with the prior XPS and EDS analyses. 
 
Figure 2. Raman spectra of CoP films. (a) Spectrum of a CoP 
film prior to contact with H2SO4(aq) (air ambient, ex-situ). (b) 
CoP film in 0.500 M H2SO4(aq) at open circuit (in-situ). (c) Same 
as (b) but at an applied potential of -0.300 V vs. SCE (operando). 
Spectral features consistent with amorphous CoOx and crystalline 
Co3O4 phonon scattering and P-O stretching vibrations are labeled 
as such. * indicates spectral features consistent with scattering 
from the H2SO4(aq) electrolyte. 
The same as-deposited electrocatalyst film was then immersed 
in 0.500 M H2SO4(aq) and an in-situ Raman spectrum was col-
lected without an applied bias (open-circuit conditions; Figure 
2b). The observed Raman modes centered at 429, 587, 896, 980, 
1054 cm-1 are consistent with scattering from the aqueous H2SO4 
electrolyte.25,26 No other signals were observed, including those 
that correlated with oxidized Co and P species in the ex-situ Ra-
man spectrum. After collection of the in-situ spectrum, a potential 
of -0.300 V vs. SCE was applied to the film such that the HER 
was being actively catalyzed, and an operando Raman spectrum 
was acquired (Figure 2c). The operando spectrum was nearly 
identical to the in-situ spectrum. Before and after collection of 
both the in-situ and operando spectra, substantial reflected excita-
tion intensity was observed in a well-defined spot that was < 10 
µm in diameter, consistent with the high numerical aperture of the 
objective in the Raman microprobe, indicating that the electrode 
interface was being interrogated throughout these analyses. Figure 
S1 presents an ex-situ Raman spectrum of crystalline CoP refer-
ence material, which exhibited several detectable signals at small 
Raman shifts consistent with phonon scattering in a crystalline 
material. The lack of observed phonon scattering in the in-situ and 
operando spectra is thus consistent with the amorphous nature of 
electrodeposited CoP as well as with the Pourbaix instability of 
oxidized cobalt species in strongly acidic media.20,27 Additionally, 
prior ex-situ XPS analysis of catalyst films after cathodic polariza-
tion in the HER regime in 0.500 M H2SO4(aq) displayed strong 
signals attributable to CoP while signals corresponding to both 
metallic and oxidized Co were not observed.20 These XPS data, as 
well as analogous prior EDS data, also indicated a Co:P elemental 
ratio of 1:1, suggesting the removal of the elemental excess of Co 
observed using these techniques in the as-prepared film.20 The 
film composition was thus consistent with the removal of the 
Pourbaix unstable metallic and oxidized Co species in 0.500 M 
H2SO4(aq). Hence, the results of the in-situ and operando Raman 
analysis are supported by the prior ex-situ XPS and EDS analyses 
after electrocatalytic operation. 
To further elucidate the elemental oxidation states in the active 
electrocatalyst, Co K-edge and P K-edge XAS data were obtained 
in a manner analogous to the Raman investigation. The X-rays 
entered the electrochemical cell through the back of the catalyst 
film and thus provided a bulk probe of the entire film thickness. 
The acquired spectra thus represent the sum of signals originating 
from the material at the solution interface as well as all the mate-
rial extending to the Cu substrate. This is similar to the Raman 
experiment where although the optical excitation was incident 
from the front towards the electrocatalyst-solution interface, the 
acquired spectra were derived from scatter generated both at and 
below the interface. Figure 3a-c presents representative ex-situ, 
in-situ, and operando Co K-edge X-ray absorption near-edge 
structure (XANES) spectra for the electrocatalyst films, with the 
data collected in a manner similar to the Raman spectra in Figure 
2a-c. Figure 3d-e presents Co K-edge XANES spectra for Co 
metal and CoO standard materials. The ex-situ, in-situ, and oper-
ando spectra of the film all exhibited a pre-edge feature near 7711 
eV that was similar to, but less intense than, that of the Co metal 
standard. This feature can be attributed to metal-to-ligand charge 
transfer, and resembles the pre-edge feature observed for Ni K-
edge XANES spectra of Ni2P.28,29 The ex-situ spectrum also ex-
hibited a white line feature at 7727 eV similar to that observed for 
the CoO standard material, indicating the presence of oxidized Co 
in the as-prepared material that was not detectable by XANES in 
the active electrocatalyst.  
Figure 3f-j presents Fourier-transformed Co K-edge extended 
X-ray absorption fine structure (EXAFS) data analogous to the 
XANES data presented in Figure 3a-e. Due to the phase shift, the 
apparent distance in the Fourier-transformed data is ~0.5 Å short-
er than the real distance.30 A first-shell distance of ~2.30 Å (ap-
parent distance ~1.8 Å) was observed for the catalyst was ob-
served during in-situ (Figure 3g) and operando (Figure 3h) analy-
sis, consistent with reported Co-P distances for amorphous Co-P 
alloys and crystalline Co2P.31-33 These distances are longer than 
the typical Co-O distance of ~2.12 Å (as shown in the CoO stand-
ard, apparent distance ~1.62 Å), implying direct Co-P interactions 
in the first shell.34 The in-situ and operando EXAFS provided no 
indication of long-range order (i.e. no peaks at distances >3 Å), 
suggesting that the catalyst is amorphous under these conditions. 
The lack of signals indicative of crystallinity is consistent with the 
Raman spectra. The ex-situ catalyst displayed a slightly different 
EXAFS pattern (Figure 3f), consistent with a CoP structure mixed 
with some metallic and oxidized Co as seen by comparison to Co 
foil and Co oxide standards. The evidence for oxidized Co species 
in the ex-situ data is also in accord with the Raman analysis. 
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Figure 3. Co K-edge X-ray absorbance nea-edge spectra (XANES) of both CoP films under the indicated conditions and related spectral 
standards. (a) Spectrum of a CoP film prior to contact with H2SO4(aq) (air ambient, ex-situ). (b) CoP film in 0.500 M H2SO4(aq) at open 
circuit (in-situ) (dashed line centered at local spectral maximum). (c) Same as (b) but at an applied potential of -0.300 V vs. SCE (operan-
do). (d) Co and (e) CoO standards. Fourier-transformed Co K-edge extended X-ray absorbance fine structure (EXAFS) data (f)-(j) analo-
gous to the XANES data presented in (a)-(e). P K-edge XANES spectra (k)-(m) analogous to the XANES spectra presented in (a)-(c), and 
of (n) K3PO4, (o) NaPO2H2, and (p) GaP standards. 
 
Figure 4. Graphical depictions of the composition of the electro-
deposited catalyst film as derived from the cumulative (a) ex-situ 
analysis as well as from (b) operando analysis in 0.500 M 
H2SO4(aq) at an applied potential of -0.300 V vs. SCE.  
Figure 3k-m presents P K-edge XANES spectra that are direct-
ly analogous to the Co K-edge XANES spectra presented in Fig-
ure 3a-c. Additionally, Figure 5d-f displays the P K-edge XANES 
spectra for K3PO4, NaPO2H2 and GaP standard materials. The ex-
situ electrocatalyst spectrum exhibited three major features which 
were centered at 2144.9, 2150.2 and 2152.6 eV, respectively. The 
feature at 2144.9 eV is a close match to that of the GaP standard, 
and is consistent with the presence of CoP. The feature at 2152.6 
eV is a close match to the K3PO4 standard, and is consistent with 
the presence of a phosphate species in the as-deposited material. 
The feature at 2150.2 eV is consistent with a phosphorous species 
having an oxidation state intermediate between phosphide and 
phosphate. This feature is close to, but not an exact match with, 
the NaPO2H2 standard. This standard was unstable under the X-
ray excitation, decomposing into a phosphate species that exhibit-
ed a characteristic spectral feature near 2152.2 eV as well as a 
phosphide with a characteristic spectral feature near 2144.9 eV 
(see Supporting Information for details). This instability preclud-
ed definitive determination of the precise energy of the NaPO2H2 
spectral feature, but suggests a value of ~2149.4 eV. The as-
prepared film may contain P in an oxidation state intermediate 
between that of it in NaPO2H2 and in K3PO4. Hence, the P K-edge 
XANES spectra indicated that the as-deposited material contained 
P in several oxidation states, consistent with the prior XPS analy-
sis. Relative to the ex-situ spectrum, in the in-situ and operando 
spectra the spectral features at 2152.6 eV and 2150.2 eV were 
attenuated, while the feature at 2144.9 eV, attributed to P in a 
phosphide form, increased in intensity. These data thus indicate 
that the oxidized P species were reduced to phosphide during 
operation, and suggest the active electrocatalyst is predominantly 
composed of P in a reduced oxidation state. This behavior is con-
sistent with the Raman analysis, wherein signals ascribable to 
oxidized P species were only observed in the ex-situ examination 
of the as-prepared material. The cumulative data, represented 
graphically in Figure 4, thus suggest that although ex-situ analysis 
of the electrodeposited film indicated a material composed of 
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 multiple phases with Co and P both existing in several oxidation 
states, the active electrocatalyst is an amorphous material com-
posed of Co in a near-zero valent state and P in a reduced state. A 
material synthesis that ensures production of solely a metal phos-
phide phase as the initial film composition therefore does not 
appear to be necessary for producing an effective CoP-based HER 
electrocatalyst. 
In summary, voltammetric analysis indicated that films electro-
deposited from an aqueous solution containing CoCl2 and Na-
PO2H2 were active HER electrocatalysts, capable of effecting a -
10 mA cm-2 current density towards the HER at - < 100 mV in 
0.500 M H2SO4(aq). Ex-situ Raman analysis of as-deposited ma-
terial indicated the presence of several oxidized Co species, in-
cluding crystalline Co3O4, as well as oxygenated P species, but 
the associated spectroscopic signatures were not observed during 
operando analysis. No phonon scattering was observed during 
operando Raman analysis. Ex-situ Co K-edge and P K-edge 
XANES spectra also indicated the presence of oxidized Co and P 
species in addition to a near-zero valent Co species and a reduced 
P species. Operando XANES data exhibited a pronounced de-
crease in the absorption edges of oxidized Co and P species. Ad-
ditionally, ex-situ Co K-edge EXAFS data indicated the presence 
of a crystalline, oxidized Co-containing phase, but, as in the Ra-
man analysis, this signal was not observed during operando anal-
ysis. The collective spectroscopic evidence thus indicates that the 
active electrocatalyst is an amorphous material consisting of Co in 
a near-zero-valent state and P in a reduced state.  
The Supporting Information is available free of charge on the 
ACS Publications website.  
Details regarding experimental methods, additional 
standard P K-edge X-ray absorption spectra, and related 
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